The acute hemodynamic efficacy of an implantable counterpulsation device (CPD) was evaluated. The CPD is a valveless single port, 32-ml stroke volume blood chamber designed to be connected to the human axillary artery using a simple surface surgical procedure. Blood is drawn into the pump during systole and ejected during diastole. The acute hemodynamic effects of the 32-ml CPD were compared to a standard clinical 40-ml intra-aortic balloon pump (IABP) in calves (80 kg, n ‫؍‬ 10). The calves were treated by a single oral dose of Monensin to produce a model of diminished cardiac function (DCF). The CPD and IABP produced similar increases in cardiac output (6% CPD vs. 5% IABP, p > 0.5) and reduction in left ventricular external work (14% CPD vs. 13% IABP, p > 0.5) compared to DCF (p < 0.05). However, the ratio of diastolic coronary artery flow to left ventricular external work increase from DCF baseline (p < 0.05) was greater with the CPD compared to the IABP (15% vs. 4%, p < 0.05) . The CPD also produced a greater reduction in left ventricular myocardial oxygen consumption from DCF baseline (p < 0.05) compared to the IABP (13% vs. 9%, p < 0.05) despite each device providing similar improvements in cardiac output. There was no early indication of hemolysis, thrombus formation, or vascular injury. The CPD provides hemodynamic efficacy equivalent to an IABP and may become a therapeutic option for patients who may benefit from prolonged counterpulsation.
The intra-aortic balloon pump (IABP) is the most widely used short-term cardiac assist device with over 160,000 balloons implanted each year world-wide. There is also clinical evidence to suggest that counterpulsation therapy can be effective in patients with chronic congestive heart failure (CHF). The IABP has been shown to be effective in patients with poor left ventricular function undergoing coronary artery bypass surgery. 1 However, the location of an IABP catheter (thoracic aorta) and biocompatibility issues limit the application of IABP therapy to short durations of hours to Ͻ14 days. When IABP support is employed for prolonged periods of more than 20 days, the frequency of vascular complications, infection, and bleeding is high. 2, 3 Furthermore, the IABP immobilizes the patient.
It is not surprising that a number of companies are now developing chronic heart assist devices to permit patients to be treated with long-term counterpulsation therapy that avoids catheter placement in the groin and allows patients to be mobile [left ventricular assist devices (LVAD) Technologies (CardioPlus 4,5 ), Sunshine Heart (C-Pulse 6 ), Cardiak (akpulsor), and SCR 7, 8 ]. These devices are being developed to offer the advantages of long-term counterpulsation with an implant procedure that is less invasive than current LVAD.
SCR Counterpulsation Device Therapy
A simple counterpulsation device (CPD) that can be implanted and explanted with a minimally invasive surface procedure is currently under development (SCR, Louisville, KY). The core component of the SCR device is a 32-ml stroke volume polyurethane-lined blood chamber, (Figure 1) designed to fit comfortably in a subcutaneous pocket, (7 cm ϫ 7 cm ϫ 5 cm) on the right anterior chest contralateral to an implantable cardioverter defibrillator (ICD) device implantation site. The pumping chamber is connected to the systemic circulation by a short ePTFE graft anastomosed to the right axillary artery. A percutaneous drive line runs from the chamber to an external pneumatic driver. During systole, the drive console evacuates air from the chamber thus removing blood from the arterial circulation reducing cardiac work and afterload. During diastole, the console ejects blood from the chamber into the circulation providing diastolic augmentation and improving coronary perfusion. The chamber and graft have been specifically developed for continuous washing and nominal shear stress. The shape of the CPD chamber is designed to wash continuously by creating a constant but shifting circular vortex of blood to minimize risk of blood stasis and thrombosis. The CPD graft connects seamlessly to the chamber without an inlet or outlet valve, also reducing the risk of thrombus formation. The bi-directional flow enhances washing inside the graft compared to uni-directional cannulae used in other blood pumps. The CPD graft is also supported with reinforcement rings and the distance between the chamber and axillary artery is minimized to reduce the risk of graft kinking.
Methods
All animals received humane care in accordance with the Guide for Care and Use of Laboratory Animals (NIH publication 86 -23, revised 1996) and the guidelines determined by the Institutional Animal Care and Use Committee of the University of Louisville.
Experimental Design
The acute hemodynamic efficacy of a 32-ml CPD chamber (SCR, Louisville, KY) and a standard commercially-available 40-ml IABP (Datascope, Fairfield, NJ) were investigated in a large animal model (n ϭ 10) of diminished cardiac function (DCF) created with a toxin (Monensin). The CPD device was connected to the carotid artery (6 -8 mm diameter) with a 10 mm ePTFE graft and the IABP was placed in the descending thoracic aorta. The carotid artery diameter of the calf and distance from CPD to aorta are equivalent in size of human axillary artery and distance to aorta. Pressure, flow, and volume waveforms were recorded and myocardial oxygen consumption was calculated during 1) baseline (device off), 2) 1:1 support, and 3) 1:2 support for the 32-ml CPD and 40-ml IABP in the same animal. Baseline measurements were repeated between test conditions to ensure DCF baseline values were maintained at a comparable steady state. Baselines and support modes for each device were maintained for 15 minutes each to ensure a steady-state was reached while minimizing risk of deterioration of the animal preparation. Data were collected for 30 seconds at the end of each steady-state test condition. The test order of devices (IABP and CPD) and support modes (1:1 and 1:2) were randomized to eliminate experimental order bias. Cardiovascular parameters were derived and left ventricular pressure-volume (PV) loops constructed from recorded waveforms to assess the hemodynamic efficacy of each device as defined by changes in left ventric-ular workload, coronary perfusion, and myocardial oxygen consumption. A blood sample was drawn for all test conditions to determine plasma free hemoglobin (PFHb) as an early indication of device associated hemolysis.
Surgical Procedures (DCF Model)
Ten healthy Jersey calves (male, 80 -90 kg) were used in this study. After initial physical examination and a 5-7 day quarantine period, animals were preanesthetized with Atropine (30 mg) and then anesthetized with isoflurane (3%-5%) via nose cone. After intubation, anesthesia was maintained with isoflurane (1%-3%) mixed with oxygen and room air. The left lateral chest was prepared for sterile surgery. A thoracotomy was performed over the 3rd and 4th ribs. Catheters (Millar Instruments, Houston, TX) were temporarily placed in the left atrium (5F single-tip model MPR-500) and across aortic valve (6F dual-tip conductance model SPR-562) for simultaneous measurement of aortic pressure and left ventricular pressure and volume. A flow probe (Transonics, Ithaca, NY) was temporarily placed around the pulmonary artery. Pressure and flow waveforms were recorded to assess normal baseline cardiac parameters. The catheters and flow probe were then removed. Fluid-filled arterial and venous pressure lines were implanted in the left carotid artery and jugular vein to monitor cardiac function during the recovery period. The baseline cardiac output in these animals is approximately 10 L/min. In order to reduce cardiac output for testing clinically sized devices, a cardiotoxin was administered. After a 1-week recovery period, calves were given a single oral dose of Rumensin 80 equivalent to 20 mg/kg (containing 80 mg/lb of Monensin: Elanco, Indianapolis, IN) via orogastric tube to create the DCF model. Monensin is a common cattle herd diet additive that has been shown to be a cardiotoxic producing extensive diffuse cardiomyocyte death in calves when used at these doses. Previous investigations have shown that this model can reduce cardiac output by 15%-25%, increase left atrial pressure by 67%, and increase left ventricular end-diastolic pressure by 143% in calves. 9 Higher doses of Monesin produce greater reduction in cardiac output, but at the risk of an unstable model and high mortality.
Surgical Procedures (Acute Efficacy Study)
Three weeks after administering the Monensin dose, the nonsurvival acute hemodynamic study was initiated. Anesthesia, surgery (thoracotomy), and instrumentation procedures were repeated as described above with the addition of a flow probe placed around the left main coronary artery. Blood sampling catheters were placed in the aorta via the femoral artery and in the coronary sinus via the hemiazygous vein. A 10-mm ePTFE vascular graft (Atrium, Hudson, NH) was anastomosed to the right carotid artery and attached to the 32-ml CPD. A 40-ml IABP catheter (Datascope, Fairfield, NJ) was inserted into the descending thoracic aorta immediately downstream to the aortic arch vessels. The 32-ml CPD and 40-ml IABP were triggered from a surface ECG and the timing was adjusted using the aortic pressure trace. IABP timing was adjusted to inflate the balloon at the dicrotic notch and deflate the balloon immediately before ventricular systole to maxi- mize the reduction of aortic end-diastolic pressure. CPD timing was adjusted to fill during left ventricular ejection and eject immediately after the dicrotic notch. The CPD filling occurs over a longer time period to prevent suction of the carotid artery that can occur from filling the CPD chamber too quickly. Animals were anticoagulated with heparin (3 mg/kg i.v.) and ACT was maintained above 200 seconds. Blood was sampled every 30 minutes to check ACT. Central venous pressure (CVP) was measured with a fluid-filled pressure line and monitored for observation by our anesthesia technician and surgeon throughout each experiment. The surgical team carefully monitored CVP to ensure it was maintained at approximately10 -12 mm Hg for each baseline pre-, post-, and in-between IABP and CPD test conditions.
Instrumentation and Data Reduction
All transducers were pre-and postcalibrated against known physical standards to ensure measurement accuracy. Hemodynamic data were signal conditioned and A/D converted for digital analysis using a Good Laboratory Practices (GLP) compliant data acquisition system. 10, 11 Signal conditioning was accomplished using transducer amplifiers (Ectron, San Diego, CA), transit-time flowmeter (Transonics, Ithaca, NY), and a volume conductance unit (Leycom, Sigma V, Netherlands). These data were low-pass filtered at 60 Hz, analog-to-digitally converted (AT-MIO-16E-10 and LabVIEW, National Instruments) at a sampling rate of 400 Hz, and stored on a personal computer for postprocessing and analysis.
The measured pressure and flow waveform recordings were used to calculate heart rate, stroke volume, cardiac output, CPD stroke volume, mean aortic and mean aortic diastolic pressures, left ventricular peak systolic and end-diastolic pressures, mean left atrial pressure, mean diastolic coronary artery flow, mean coronary artery flow, and left ventricular external work. These parameters were calculated on a beat-to-beat basis, for each 30 second data set, using a Hemodynamic Evaluation and Assessment Research Tool (HEART) program 12 developed in Matlab (MathWorks, Natick, MA). All analyzed beats in each data set (approximately 40 -50 beats) were averaged to obtain a single representative mean value for each calculated parameter. Left ventricular PV loops were constructed by plotting left ventricular pressure against left ventricular volume with each loop representing one complete cardiac cycle. These PV loops were used to calculate left ventricular external work and evaluate changes in left ventricular end-diastolic and end-systolic pressures and volumes. Statistical analyses were conducted using t test for paired samples and assuming equal variances. Statistical analysis was performed to test for changes in the cardiac parameters between the normal and the DCF state. Statistical analysis was also performed to test for efficacy of the devices compared to the DCF state and to compare devices.
Left Ventricular Myocardial Oxygen Consumption
Paired blood samples were drawn from the aorta and coronary sinus to determine the oxygen content of the blood entering and exiting the left ventricular myocardium at the end of each 15-minute test condition while left main coronary artery blood flow (CAF, ml/min) was recorded. The blood samples were processed through a blood gas analyzer (IRMA SL 
Blood Hemoglobin and Necropsy
Venous blood samples were drawn to measure Total Hemoglobin (Tot Hb) and Plasma Free Hemoglobin (PFHb) for each experimental test condition and device trial. At the completion of the experiment, the CPD chamber and cannula were removed and visually inspected for gross evidence of thrombus, fractures, and other defects. Peripheral organs were removed and examined for gross evidence of thrombus related infarcts.
Results

Monensin-Induced DCF Animal Model
The oral dose of Monensin resulted in a 17% reduction in cardiac output (reduced from 10.3 to 8.5 L/min), a 9% reduction in left ventricular peak systolic pressure, an 11% reduction in mean arterial pressure, a 120% increase in left atrial pres- sure, and a 133% increase in left ventricular end diastolic pressure compared to normal baseline ( Table 1) .
Acute Efficacy Study
Example aortic pressure traces for unassisted support (baseline) and 40-ml IABP (top) and 32-ml CPD (bottom) in 1:1 assist mode are shown side-by-side in Figure 2 . As indicated by the arrows, the peak systolic aortic pressures were reduced by a similar amount with both devices. Example aortic pressure traces for the CPD (dotted line) and IABP (solid line) are also shown overlaid in Figure 3 . As indicated by the arrows, the IABP lowered end diastolic pressure more than the CPD. Statistically significant (p Ͻ 0.05) hemodynamic improvements were observed with both the 32-ml CPD and 40-ml IABP compared to DCF baseline values ( Table 2) . The CPD and IABP increased cardiac output by 6%. The mean diastolic coronary artery flow was augmented by 14% with the CPD and 7% with the IABP. Left ventricular peak systolic pressure was reduced by 7% with the CPD and 6% with the IABP. There were no statistically significant differences between the 32-ml CPD and 40-ml IABP (p Ͼ 0.5), except for the aortic enddiastolic pressure, for which the IABP produced a greater reduction (p Ͻ 0.05).
Superimposed coronary flow waveforms for the IABP (solid line) and the CPD (dotted line) are shown in Figure 4 . Coronary flow was reversed prior to systole with the IABP (shaded area), but did not occur with the CPD. Thus, the CPD provided a significantly higher augmentation in coronary flow than the IABP (14% increase with CPD vs. 7% increase with IABP).
A sample left ventricular pressure volume (PV) loop is shown in Figure 5 . The 40-ml IABP and 32-ml CPD both reduced left ventricular volume and systolic pressures from DCF baseline as evidenced by the leftward and downward shifts in the PV loops. The left ventricular external work (equivalent to the area inside the PV loop) was reduced by both the 32-ml CPD (14%) and the 40-ml IABP (13%) compared to DCF baseline (Figure 6) .
The myocardial perfusion to work balance was also considerably better with the 32-ml CPD as evidenced by the significantly increased diastolic coronary artery flow to left ventricular external work ratio (increased 15% by CPD vs. 4% IABP), as shown in Figure 7 . In addition, the 32-ml CPD resulted in a greater reduction in the left ventricular myocardial oxygen consumption (decreased 13% by CPD vs. 9% IABP) despite the fact that both devices provided similar improvements in cardiac output.
Blood Hemoglobin and Necropsy
Plasma free hemoglobin levels remained below 8 mg/dl at all measured time points. A necropsy was performed at the end of each animal study and included examination of all major abdominal and thoracic organs, and the brain. There were no signs of damage or thromboembolism in any organ. The CPD was examined carefully for signs of thrombus. The CPD chamber was entirely clear of thrombi for all experiments.
Discussion
Congestive heart failure, one of the largest unsolved problems in cardiac care today, affects more that five million patients in the United States alone. Despite pharmacological therapy, many patients deteriorate to the point where mechanical circulatory support would be clinically beneficial. Unfortunately, despite many years of research and millions of dollars of expenditure, only about 3,000 patients receive chronic mechanical circulatory support each year. Most current mechanical circulatory support requires invasive sternotomy and cannulation of the heart and aorta. Complications are frequent and include device failure, thromboembolism, stroke, infection, and bleeding. The level of invasiveness of the surgery required for implantation, the difficulty in the management of the patients, and the frequency of complications contribute to the low number of patients receiving mechanical heart assist devices.
Globally, the most common assist device for heart failure is the IABP, which is used clinically for limited time periods of several hours to several days. Each year more than 160,000 patients worldwide receive IABP therapy, often for cardiogenic shock or severe left ventricular dysfunction following acute myocardial infarction or cardiotomy. 13, 14 Many thousands of lives are saved each year due to IABP therapy (65% survival). 15 Intra-aortic balloon pump support is simpler than current LVAD therapies and clinicians have developed a great deal of confidence in the therapeutic effectiveness of intra-aortic balloon counterpulsation. The IABP requires no direct cannulation of the heart leading to easier implantation and explantation. Furthermore, control algorithms to fill and empty the balloon are considerably less complex than to control an LVAD and simplify patient management. Short-term counterpulsation therapy, although unquestionably less powerful than LVAD therapy, does offer considerable practical clinical advantages. With over 30 years of use, clinicians trust counterpulsation therapy in their sickest patients.
Counterpulsation therapy is achieved by rapidly inflating the IABP immediately after aortic valve closure (dicrotic notch) and rapidly deflating the balloon just before the onset of systole. The rapid inflation of the balloon increases the aortic diastolic pressure by 30%-70% improving end-organ perfusion and coronary perfusion. 13, 14 The rapid deflation of the IABP reduces the ejection pressure of the native ventricle, reducing afterload and left ventricular external work. 13, 16, 17 The peak systolic pressure is reduced by up to 15%, 13, 17 whereas the end diastolic pressure is decreased by up to 30%. 1, 17 Cardiac output and stroke volume have been found to increase by up to 20%, 16, 18 while no changes have been observed. 14, 16, 18 Intra-aortic balloon pump therapy also decreases the heart rate by 10% 14 and may reduce the left ventricular end diastolic volume by 10%-15%. 19 Intra-aortic balloon pump improves the cardiac energy balance by increasing the oxygen supply to the myocardium through increased coronary perfusion of 0%-100% 20,21 and by reducing myocardial oxygen consumption through a decrease in afterload and left ventricular external work. 14 Intra-aortic balloon pump also has been reported to augment cerebral, renal, mesenteric, and pulmonary blood flows. [22] [23] [24] Further, increases in urine output and lactate use, decrease in lactic acidosis and enhancement of venous oxygen saturation have also been observed in patients supported with IABP. 14 Counterpulsation can also be performed with a blood chamber connected directly to the aorta. Nanas et al. showed that a 30-ml blood chamber was more effective in reducing aortic systolic and end-diastolic pressures and myocardial oxygen consumption while increasing coronary flow when directly compared to a 40-ml IABP. 5 In our laboratory, computer simulation and feasibility experiments have suggested that a 32-ml blood chamber connected to the axillary artery can be as effective as a 40-ml IABP in the descending aorta. 7, 8 The results of this study demonstrate that the 32-ml CPD anastamosed to a peripheral vessel (carotid artery) produced hemodynamic efficacy equivalent to a standard clinical 40-ml IABP. Importantly, in this study, the 32-ml CPD provided greater diastolic myocardial perfusion per unit work (supply) with lower myocardial oxygen consumption (demand) compared to the IABP. This study also demonstrated that there were no early indicators of hemolysis, thrombus formation, or vascular injury associated with the 32-ml CPD.
Counterpulsation therapy is most effective when the balloon or blood chamber volumes are comparable to the ventricular stroke volume and when the vasculature is stiffer. [25] [26] [27] [28] [29] Calves weighing 80 -90 kg were selected for this study because the size of their carotid arteries (6 mm) and the distance from the anastomotic site to the aortic valve (14 cm) approximated the clinical situation that will be encountered with a 32-ml CPD anastomosed to the axillary artery (8 mm diameter and 12 cm to the aortic valve). In these acute experiments, a reproducible patent end-to-side anastomosis was achieved with a 10 mm graft. Calves have higher cardiac outputs and stroke volumes (even with cardiac dysfunction produced by the DCF model) and higher arterial compliance than humans. Therefore, the improvement in cardiac performance was less pronounced in this study than would be expected in the clinical application of counterpulsation. Importantly, despite the limitations of the calf model, the improvements in cardiac function produced by the 32-ml CPD were equivalent to those produced by the 40-ml IABP.
There are important distinctions in the method of delivery and timing of counterpulsation therapy between the IABP and the CPD. The IABP displaces blood volume within the aorta while the CPD chamber shuttles blood in and out of the aorta. The ejection and filling phases of the CPD are longer than the balloon inflation and deflation time periods of the IABP. The faster balloon deflation is necessary to prevent the obstruction of the aorta during ventricular systole. However, this rapid deflation, leads to reverse coronary flow (Figure 3 ). The IABP rapidly inflates and deflates during diastole within the same assisted beat. In contrast, the CPD fills during systole and ejects during diastole. In this study, these differences in timing resulted in a lower aortic end diastolic pressure and diastolic coronary flow with the 40-ml IABP compared with the CPD (Figures 3 and 4) . Ultimately, the IABP and CPD both produced comparable afterload reduction compared to unassisted condition when operating in 1:1 or 1:2 mode. The myocardial perfusion and perfusion to work balance was superior with the CPD compared to the IABP.
Counterpulsation with IABP has not gained widespread acceptance as a long-term therapy to treat heart failure, because of the high risk of complication and lack of patient mobility. There are reports that counterpulsation can have a sustained effect when used for prolonged periods of support. 25 Recently, Jeevanandam reported that patients who received an aortic CPD (CardioPlus, LVAD Technologies) demonstrated considerable improvements in exercise capacity. 4, 5 Unfortunately, implantation of this device required a thoracotomy and resulted in a high level of morbidity and mortality for these patients.
SCR (Louisville, KY) is developing a chronic implantable CPD to treat HF patients who may be responsive to a partial form of cardiac assist. It is intended to be a low cost device that can be implanted and explanted without major surgical trauma or extensive postoperative care. The device is implanted by a surface procedure in a pacemaker pocket on the right side and connected to the axillary artery. The size and shape of the SCR device are designed to provide a good anatomical fit in hu- mans while closely matching the expected levels of support needed for effective counterpulsation therapy support in HF patients. Chronic testing of the CPD is on-going. The CPD has successfully supported two calves chronically for 30 days without adverse events or device failures.
Conclusion
This acute study demonstrated that the 32-ml CPD and the 40-ml IABP produced an equivalent and statistically significant improvement in cardiac performance compared to the DCF state. The 32-ml CPD did not cause any acute hemolysis, thrombus formation, or vascular injury.
